Background: Maize is the most important staple crop for food security and livelihood of smallholder farmers in many parts of sub-Saharan Africa, but it alone cannot ensure food security. Cropping patterns must be diversified to ensure an adequate supply and economic access to greater variety of foods for smallholder farm households. This study measured the effect of crop diversification on household dietary diversity in a selected study locale using a survey of 300 randomly stratified farm households in 10 villages located in the Babati, Kongwa and Kiteto districts of Tanzania.
engaged in the production and marketing of staple food items may ultimately improve household income, but not necessarily achieve a direct proportionate reduction in malnutrition. Nonetheless, higher household incomes have been found to improve nutritional outcomes, but at a much slower rate [16, 49] .
Vegetables in general, and traditional vegetables in particular, are rich in micronutrients and other healthpromoting phytochemicals; nutrient-dense vegetables complement staple foods and improve nutritional quality of diets [25, 33, 46, 65, 67] . Integrating micronutrientrich foods such as vegetables, fruits and some animal products into diets has been found to be one of the most practical and sustainable ways to alleviate micronutrient deficiency, through increased dietary diversity [5] . Consumption of diverse vegetables significantly improves nutrition [51] through access to diverse mineral, micronutrient and vitamin-rich products [24, 62] .
Integrating vegetables into maize-based farming systems as a means to augment household income is appropriate due to their high farm gate values per unit land and economic access to diverse food groups [7] . More diverse production systems may contribute to more diverse household diets for farming communities [12] . Reducing the prevalence of micronutrient deficiencies will not be sustainable if food consumption is not diversified [31, 61] . Dietary diversity is an important means to measure the nutritional status of target populations consuming diversified and quality diets [2, 21, 22, 25, 32, 36, 37, 50, 59] . Dietary diversity could also be a useful indicator of nutrition security [25] , but additional research is needed to validate and test alternative indicators for different purposes.
A large body of literature has analyzed the association between individual dietary diversity and child growth and other nutrition indicators (for example, [6, 14, 30, 49, 13] ). The conclusion from these studies is that there is a strong association between child dietary diversity and nutritional status after controlling for relevant socioeconomic characteristics of households. The authors argued that dietary diversity serves as a proxy for determining diet quality, and hence, individual dietary diversity can be used as an indicator of diet quality.
Some studies have shown that an increase in household dietary diversity is associated with higher socioeconomic status and household food security measured in terms of household food energy availability ( [1, 12, 15, 23, 27, 39, 43, 45, 58, 20] ). Household dietary diversity is also associated with monthly per capita calorie availability from non-staples for all households [23] and household expenditure which is a proxy for household wealth and well-being [58] . It can be considered as an indicator for measuring food security [23] . Consequently, FAO [18] argues that there are two types of dietary diversity, namely household dietary diversity and individual dietary diversity. Household dietary diversity is an indication of household economic access to food, whereas individual dietary diversity is a reflection of the nutritional quality of diets consumed by a household member.
More recently, a few studies (for example, [12, 47, 55, 57] ) have attempted to establish a linkage between land use or cropping pattern and dietary diversity of households as well as the contribution of biodiversity to dietary diversity [10] . In this light, Jones et al. [27] examined the relationship between farm diversity and dietary diversity among households and concluded that there is a strong relationship between dietary diversity and farm diversity in Malawi based on a national representative sample survey implemented from March 2010 to March 2011 as part of a World Bank Living Standards Assessment study. Another most recent study by Smale et al. [56] examined the association between hybrid seed use and four indicators of dietary diversity using the food group diversity (24-h recall period), vitamin A diversity (7-day recall period), food frequency (7-day recall period) and frequency of consuming foods fortified with vitamin A (7-day recall period) approaches based on a primary survey of 1128 households in Zambia.
In this paper, we focus on the food group diversity approach based on a 24-h recall period. Herforth [22] specifically examined these relationships in the context of Tanzania and Kenya. The author concluded that crop diversity was significantly associated with household dietary diversity and also was more closely related to household consumption from own-produced food than consumption of market-purchased food. However, more recent studies have obtained divergent results in comparison with those of the preceding mentioned studies. For example, Sibhatu et al. [53] found that improving small farmers' access to markets seems to be a more effective strategy in improving nutrition than promoting production diversity on subsistence farms. Similarly, Romeo et al. [48] conclude that agricultural production diversification is positively and significantly associated with household dietary diversity, but livestock ownership shows stronger significant level in comparison with production diversification, thereby implying that supporting investments in diversified livelihood system in general and livestock in particular are required to increase household dietary diversity. Djokoto et al. [12] concluded that vegetable diversification offers great potential for improving livelihood of cocoa-based farm households in Ghana. Therefore, it is important to understand the relationship between crop diversity and dietary diversity and identify appropriate determinants to dietary diversity using appropriate estimation methods.
Other than the above-mentioned studies, there has been limited research work to examine the causality between crop diversity and economic access to a variety of foods (i.e., household dietary diversity) at household level in sub-Saharan Africa. As a contribution to the global discourse on the interlinks between household dietary diversity and nutrition and the growing body of literature on the agriculture-nutrition-health linkages nexus, it is important to know how smallholders respond to different transitional changes. Of particular importance is the need to capture detailed household-level survey data related to the associated changes in crop production and consumption patterns that is specific to identified locales. Most important, from a nutritional standpoint, would be the need to ascertain whether smallholders have better economic access to a variety of foods from increased crop diversity through the inclusion of micronutrientrich vegetables into dominant staple-based cropping systems. The objective of this study therefore is to measure the effect of crop diversification on household dietary diversity in the study area while accounting for the interaction terms in crop income and crop diversification.
Data and methods

Survey design and data sources
Extension officers from agricultural departments in the respective study districts and opinion leaders from the respective villages collaborated to generate a population list of farmers who cultivate maize and vegetables. From the generated list, a stratified random sample was selected for the purpose of the study. Sampled respondents were classified into two farm household categories, viz "maize-producing households" and "maize-cum-vegetable-producing households. " Farmers designated as "maize-producing households" were those that cultivated maize and other staple crops with no vegetables, whereas "maize-cum-vegetable-producing households" cultivated maize and other staples and vegetables. To correct for sampling bias among these two groups, an equal number was randomly selected from each group-15 farm households each were selected from each category, making a total of 30 farm households per village. Overall, 300 farm households selected from 10 villages in the Babati, Kongwa and Kiteto districts of Tanzania (Table 1) were surveyed from July to August 2013 using a structured questionnaire.
The survey was conducted in three stages: pre-pilot, pilot and main survey. In the pre-pilot survey, districts and villages were selected based on predetermined sites based on the Africa Research in Sustainable Intensification for the Next Generation (Africa RISING) Eastern and Southern Africa Phase I project sites. Based on key informative interviews with extension officers in the study region, it was confirmed that the selected districts majorly produce tomato, African eggplant (S. aethiopicum L.), cv. DB3, and amaranth (Amaranthus spinosus L.), cv. Madiira 1, along with other major staple crops such as maize and paddy rice. The distance from home to nearest access to market varies between 1.1 and 27 km with an average of about 4.8 km. The buyers from these markets also differ in terms of type of produce purchased. For farmers who produce maize and other staple crops, the average distance to the market is 9.0 km, whereas for farmers who produce vegetables and staple crops including maize, the average distance to market is 3.4 km. The project sites were selected based on pre-demarcated and developmental domains for sustainable intensification (i.e., agroecological potential, population density and market access) with diverse agro-climatic systems suitable for integrated maize-based farming systems, population and livestock density trajectories. Given the special requirements of vegetable production and that the critical role irrigation plays in vegetable cultivation, however, some villages selected for the main survey and subsequent implementation of project activities were not originally part of the target Africa RISING Phase I project sites. These villages were included for vegetable-related work packages based on their high irrigation potential as well as the possibility of achieving more impact through the integration of vegetables into maize-based farming systems. During the pilot survey, a structured questionnaire was prepared and pretested in the field, and modifications were made based on enumerator observations and feedback comments received from respondents. The main survey involved a one-on-one interaction with respondents using the pretested and finalized structured questionnaire.
Methodological framework
Measurement of dietary diversity
Dietary diversity is a qualitative measure of food consumption that reflects household access to a variety of foods (food groups) [37, 49] . In general, there are two ways of measuring dietary diversity: the dietary diversity score (DDS) and the food variety score (FVS). DDS is based on a food group count while FVS is based on single food count. These two measures are widely used in the context of developing countries due to the simplicity of the measurement approaches. However, Ruel [49] shows that DDS is a stronger determinant of nutrient adequacy than FVS. Therefore, increasing the number of food groups has a greater impact on dietary quality than increasing the number of individual foods in the diet. It has the added merit of being simpler and easier to use under field survey conditions. In this paper, as recommended by Ruel [49] , the DDS was employed as a method to measure dietary diversity. The DDS described by FAO [18] guidelines consists of a simple count of food groups that a household or an individual has consumed over the preceding 24-h recall period (see "Appendix 1" Table 5 ). However, no international consensus exists on which food groups to include in the scores [18] . Therefore, 16 food groups ("Appendix 1" Table 5 ) were constructed based on local food consumption patterns [66] obtained from key informant interviews since dietary patterns vary substantially between cultures, as recommended by Ruel [49] , food groupings were defined locally. Inference is drawn from the two types of DDS measurement approaches earlier enumerated: the Individual Dietary Diversity Score (IDDS) and the Household Dietary Diversity Score (HDDS). The IDDS aims to reflect the nutrient adequacy, whereas the HDDS represents a snapshot of the economic ability of a household to access a variety of foods [18] . We chose to use HDDS in our estimation. The reason for choosing HDDS rather than IDDS is because within the context of the study locale, "maize-cum-vegetable-producing households" tend to have a relatively higher crop diversification which in turn improves their economic accessibility to varieties of food groups as compared to "maize-producing households". In order to practically estimate HDDS, the FAO [18] guidelines recommend that where there are too many observed food groups, some food groups must be aggregated such that with the overall potential total grouping should vary between 0 and 12. Therefore, based on the raw data obtained from the field study in "Appendix 1, " food groups 3, 4 and 5 were aggregated into a single group designated as "vegetables. " Food groups 6 and 7 were likewise aggregated into a single group designated as "fruits. " Food groups 8 and 9 are integrated into a single "meat" group category. The rest of the food groups were retained for the estimation. Thus, a total of 12 food groups were used for HDDS measurement with the aggregate food groups listed in Table 3 .
Measurement of crop diversity
Crop diversity was measured in the reference agricultural season through Simpson's Index (SI) [54] . The Simpson's Index describes evenness of the distributed area under cultivation of different crop species in a cropping pattern.
where P i is proportionate area (or value) of ith crop. Based on these variable measurements, a few authors have identified factors that influence crop diversity in many developing countries [4, 9, 11, 28, 44] , and also in Southern Africa as exemplified by Shaxson and Tauer [52] , who measured determinants of crop diversity in Malawi. Further, Joshi et al. [29] examined the impact of crop diversification (Simpson's Index) on income of smallholders who largely grow vegetables in India. The authors found positive relationship between crop diversification and income of smallholders. In this study, the Simpson's Index was estimated based on farmers who cultivated different crop species by the households over the 2013 rainy season (December 2012 to June 2013). As the data collection took place from July to August 2013, it was much easier for farmers to recall their cultivated crop input-output data details during the preceding rainy season prior to the field survey.
Econometric framework
This paper examined the effect of crop diversity on dietary diversity of farm households in the study regions, by estimating a linear multiple regression model using cross-sectional data collected from the primary survey. The reason for using a multiple linear regression model is to control other covariates [i.e., individual and household characteristics, land ownership, regional effects, expenditure on food and non-food items (i.e., proxy for household wealth and well-being)], access to credit and revenue from crop sales (i.e., crop income) while estimating the net effect of crop diversity on household dietary diversity and also the interaction effect between crop income and crop diversity on household dietary diversity.
The explanatory variables for the underlying model are: Simpson's Index (SI), household head characteristics: gender, level of education and age, and household characteristics (including monthly expenditure on food and non-food items, and size of households in terms of number of people living in a household). In addition to these variables, we also explore other independent variables in the model, agricultural characteristics include owned cropped area, share of irrigated area, proportion of total vegetables consumed from own production, access to markets (i.e., distance to market from farm), sales transaction time at sales location, total hours to reach market from farm, access to ICT tools (i.e., radio and mobile),
access to input services (i.e., credit and extension services) and district dummies. Monthly expenditure is a proxy measure for household wealth; it indicates whether a farmer has the potential to cultivate more crops for sale in the market to earn more income, which can then be used to purchase more diversified foods as majorly farmers source their income from agricultural activities. Hence, we hypothesize a positive relationship between monthly food expenditure and the household dietary diversity score. We use a dummy for female headed household where female is 1 and male is 0. Gross crop area represents operated household-level landholding size in hectares. Based on the fit of model, the unobserved characteristics are identified as log of total monthly food expenditure, share of irrigated area, dummy for access to credits, extension services in last 12 months and access to mobile for agricultural activities and radio. In addition to the above explanatory variables, the model also incorporated quadratic function and interaction effect for the variables Simpson's Index (SI) and crop income, the reason behind first, there is no linear relationship between household dietary diversity and crop diversification and also with crop income (Fig. 1 ) which indicates that linear relationship is not expected between household dietary diversity, crop income and crop diversification. However, crop income will have increasing effect on household dietary diversity at decreasing rate at some point of time which indicate, larger share of income for the poorer households is allocated to food purchase. Second, the propensity of expenditure on food decrease as the crop income goes up. Therefore, quadratic relationship is observed between the crop income and household dietary diversity; hence, it is necessary to identify the optimal level of crop income and crop diversification where increasing and crop diversification has positive impact on household dietary diversity.
Results
Household dietary diversity score shows that on average, households consumed 6 types of food groups over the preceding 24-h recall period at the time of the survey ( Table 2 ). The most consumed food groups are cereals (99%), vegetables (90%), oils and fats (88%), and spices (79%). However, the most nutrition food groups such as eggs, fruits and fish and other food groups were consumed by less than 15% of the respondents. White tubers and roots, fish and sea foods, eggs and fruits are considered to be the least consumed food groups (Table 3) . Among the regions, Manyara had a higher dietary diversity compared to the overall mean of the two study regions, while Dodoma region had the lowest score. Household dietary diversity results for the Manyara region were significantly different from those of the Dodoma region, whereas the Simpson's Index estimates did not vary significantly across the 2 regions. Simpson's Index, however, was found not to differ significantly between the two farm household categories (i.e., maizeproducing households and maize-cum-vegetable-producing households).
We used a multiple linear regression model to control the effect of other covariates on dietary diversity to capture the net effect of crop diversity (Table 4) . To this end, two different models (I & II) on the effect of crop diversity on dietary diversity were estimated. In Model 1, augmented component-plus-residual plot identifies the presence of nonlinearity as crop income exhibited a quadratic relation with dietary diversity (Fig. 1) , and hence, squared version of crop income variable was added in Model 1. Similarly, Simpson's Index also has a nonlinear relationship with dietary diversity and identifies the presence of a polynomial distribution pattern ( Fig. 2) and hence the interaction effect between crop income and Simpson's Index in Model 2 as farmers tend to diversify if they feel those crops might generate revenue. This might have consequent influences on dietary diversity at certain point. Since the variance inflation factor (VIF) score for all explanatory variables is more than 10 and there was no multicollinearity issues except for the squared term of crop income and Simpson's Index ("Appendices 3 and 4" Tables 7, 8 ), squaring these variables may not be an empirical issue when we interpret results for these variables [60] . In both models, when crop income increases, the household dietary diversity score also increases, but in Model 1, the square of crop income variable shows a negative relationship, which indicates crop income increases dietary diversity at a decreasing rate, until it reaches US$280, after which the HDDS will decrease. Ultimately, this tends to validate the presence of a quadratic relationship with HDDS (Fig. 3) . Similarly, the interaction effect between Simpson's Index and crop income (Model 2) shows that both variables were significantly associated with dietary diversity after controlling for other covariates. When we introduce the interaction effect between Simpson's Index and crop income in the model, the coefficient of Simpson's Index and crop income cannot be interpreted directly with the presence of the interaction effect in the regression model. Therefore, the coefficient of Simpson's Index (i.e., 10.16) and crop income (0.387) are main effects on HDDS which includes interaction effects (i.e., −0.868) when we interpret main effects on HDDS. The coefficient of Simpson's Index shows an average crop income of US$318 (TZS 503,832), 1 a one-unit increase in Simpson's Index, associated with −1.318 unit increase in dietary diversity. This implies that HDDS increases with decreasing rate of Simpson's Index. However, this decreased rate of Simpson's Index starts increasing when threshold or breakeven point for crop income is US$85 (TZS 134,500) per transaction, which implies below this crop income level, characterized largely by poorer households tends to increase their HDDS when they diversify their crop production. This in turn leads to an improved revenue from crop sales (calculation in "Appendix 5" and Fig. 4) .
Similarly, the coefficient of crop income shows that an average Simpson's Index value of 0.47, a one-unit increase in crop income per sales transaction, results in a 0.021 reduction in dietary diversity, which implies that HDDS increases with a decreasing rate of crop income. However, the threshold point for Simpson's Index is 0.45, which implies below this threshold point, farmers tend to increase their HDDS when crop income increases by diversifying their crop until they reach their optimal Simpson's Index level of 0.45 (calculation in "Appendix 6" and Fig. 5 ).
In sum, both regression models indicate that there is no linear relationship between crop diversity and dietary diversity. Particularly poorer and smallholders are more exposed from the effect of crop diversification and crop income toward increasing in their household dietary diversity score. By looking at each explanatory variable in both models, the dietary diversity score was higher farmers who attained primary and secondary level education. Clearly, farmers who have attained a primary and secondary level educational might have better knowledge about nutrition and dietary intake patterns, and hence, their dietary diversity score was significantly different and higher than for farmers who have no formal Predicted HDDS . education. In addition, the dietary diversity score was higher for farmers who frequently meet with agricultural extension agents in the last 4 months; which indicates that there is possibility that agricultural extension agents might exchange information on agriculture and nutritional information through several development project interventions. The ownership of radio shows positive coefficient, but it does not have a significant relationship with dietary diversity score. Further, the results show that dietary diversity score increases if farm household increases their monthly expenditure on food. If farmers have access to credit, then farmers tend to increase their household dietary diversity. Finally, the district dummies (Kiteto and Kongwa) did not show any significant impact on household dietary diversity as compared to base category (i.e., Babati district), which means there was no significant differences in dietary diversity due to district effects.
Discussion
Due to the presence of interaction effect between Simpson's Index and crop income, simply increasing Simpson's Index does not influence dietary diversity of farm households. It is much more critical and significant to increase the revenue generated from those diversified crops along with other socioeconomic endowment and household behavioral characteristics. This is applicable to smallholders who received crop incomes less than US$85 per sales transaction and per season. It is clear that the level of education has a strong influence on dietary diversity. It indicates that dietary diversity of households can be increased by improving the farmers' level of education. Monthly per capita expenditure on food is positively associated with dietary diversity. If households have greater expenditure on food, it leads to higher dietary diversity as well. This result indicates that apart from nutrition security, dietary diversity can also be linked to some key food security indicators by linking monthly per capita expenditure of both food and non-food items as suggested by Hoddinott and Yohannes [23] . Land ownership has a positive relationship with dietary diversity and insignificant results. In order to produce more robust results, the model estimated results based on variancecovariance matrix of the estimators.
Despite the observed findings of this study, it is worth mentioning a couple of limitations such as seasonal effect on dietary diversity and limited sample size. For future research, the use of panel datasets, which was not the case in the present study, might be very helpful in obtaining higher observations and variation in datasets to obtain more robust model estimates. Panel datasets would have the added advantage of capturing smallholder behavioral responses over time in comparison with single observations from a typical cross-sectional survey used for this study. The results also underscore a large scope to explore gender disaggregated roles in crop diversity of smallholder vis-à-vis dietary diversity in future research. Also, since aim of this study was to measure the impact of crop diversity on economic access to variety of foods at the household level (i.e., household dietary diversity), the Individual Dietary Diversity Score was not considered in this study. However, the contribution of vegetables to nutrient adequacy (i.e., individual dietary diversity) is an important research as well as development question that should be considered for future research studies. The limitations notwithstanding do not undermine the findings of the present study but should be considered as gaps for further literature contributions to the ongoing discourse and growing body of literature.
Conclusion
This paper explored whether an increased diversity of crops in farmers' fields leads to increased economic access to diversified food groups. Increasing crop diversity (Simpson's Index), a metric accounting for both species richness and evenness and crop income, was found to positively influence household dietary diversity in the study region. However, this cannot be interpreted directly as these two variables have an interaction effect on the dietary diversity score. This empirically implies that under average crop income scenarios, households that diversify their crop production will tend to increase their dietary diversity from their existing dietary diversity score at a decreasing rate. However, under below average crop income threshold scenarios, farmers tend to increase their dietary diversity score from their existing score at an increasing rate when they diversify into crops with relative high farm gate values and accrue higher net revenues in the market. In other words, particularly smallholders who receive crop income less than the average crop income threshold generated from per sales transaction (i.e., threshold level is US$85 per sales transaction and season) and grow crops that attract better market value to improve their dietary diversity at the household level. This will in turn enhance their economic access to a variety of foods for household consumption. Farm households can also access diverse vegetable species, while ensuring adequate and consistent supplies at the desired time over a reference growing season. Though gender had a relatively lower effect on dietary diversity, compared to other socioeconomic variables, there is more scope for female decision makers and controllers of household income to positively influence dietary diversity at household level. Monthly expenditure on food also positively influenced household dietary diversity, indicating that farm households that spend more of their income on market-purchased food have consistent increases in the pattern of their dietary diversity at the household level. The results suggest that improving economic access to a variety of foods at smallholder household level by diversifying diets through increased crop diversification should be encouraged within maize-based farming systems of the study locale, through integration of micronutrient-rich foods.
Overall, to increase household dietary diversity, an enabling policy environment that will encourage farmers particularly smallholders to diversify into crops with high farm gate values and accrue higher incomes along with other socioeconomic endowment and behavioral characteristics of households such as education, monthly per capita food expenditure, access to credit and frequency of interaction with extension officers will have a strong influence on dietary diversity scores. These variables positively and significantly influenced household dietary diversity at less than 5% probability level. In addition, community sensitization campaigns and nutritional education on the nutritional benefits of diversified diets through agricultural extension agents and public sector nutrition and health officers need to be increased in the study locale and other agro-climatic zones with similar settings, particularly among women farmers, most of who play a critical role in making production and consumption decisions within most households. Authors' contributions SR was involved in sampling design, development of farm household survey questionnaire, econometric framework, data analysis and drafting the paper. VA-S was involved in the study design, development of field survey instruments and reviewed and proofread the entire manuscript. MB was involved in the review and beefing of the paper. TB and AS helped in improvement of econometric framework and data analysis. ID and PJL helped in data collection and data compiling. All authors read and approved the final manuscript. 1 International Potato Center (CIP), Sub-Saharan Africa (SSA) Regional Office, ILRI Campus, Nairobi, Kenya.
Author details
2 World Vegetable Center, West and Central Africa -Coastal and Humid Region, Cotonou, Benin.
3 Business Development Economist, Natural Resources Institute, University of Greenwich, Central Avenue, Kent ME44TB, UK. 4 International Potato Center (CIP), Nampula, Mozambique. 5 International Institute of Tropical Agriculture (IITA), PO Box 10, Duluti, Arusha, Tanzania. 6 World Vegetable Center, Eastern and Southern Africa, PO Box 10, Duluti, Arusha, Tanzania.
See Table 6 . See Table 7 . 
